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Variable temperature scanning tunneling microscopy (VT STM) and theoretical ab initio computer simulations
were used to study dissociative chemisorption and competitive surface chemistry, @ihG@liron-terminated

Fe;04 (111) 2 x 2 surface in an ultrahigh vacuum. The;Bg (111) surface was exposed to G@iolecules

at 224 K, slowly annealed to 500 K (0.2 K/s), and scanned at room temperature. Two different chlorine
species were observed only on the iron-terminate®fF€L11) 2 x 2 surface due to chemisorption of GCI

one on top of surface-terminating iron atoms (Cl bound to surface irons) and the other at 3-fold oxygen
vacancy sites (Cl bound to subsurface irons). The ratio of the number of chlorine species on top sites to the
number at 3-fold oxygen vacancy sites is approximately 9:1, which is dramatically different from the 1:10
ratio observed when CClIs dosed at room temperature. The difference in the ratio of these two chlorine
species can be explained with a competitive surface reaction picture in which phosgene evolution/surface
oxygen atom abstraction, leading to chlorine species at 3-fold oxygen vacancy sites, can only favorably compete
with recombination and association reactions, leading to chlorine atoms on top sites, near room temperature.
Theoretical calculations were performed that predict an activation barrier of 0.16 eV for the production of
phosgene from CGlreacting with the iron-terminated §@, (111) 2 x 2 surface.

1. Introduction Since the observation of a chemically reduced surface and
superstructure on a single crystal hematite sample with low
energy electron diffraction (LEED) and X-ray photoelectron
spectroscopy (XPS) in ultrahigh vacuum (UHV) by Ladd efal.,
the surface structures and terminations of iron oxides have been
the subject of a number of studies. Thornton and co-workers
investigated structures and terminations of the selvedge formed

Iron and oxygen are two of the four most common elements
in the Earth’s crust, and iron oxides are important minerals in
major rock types occurring naturally as the binary iron oxides,
such as FeO (wustite}-Fe0s; (hematite) y-FeOs (maghemite),
and FgO, (magnetite}. Hematite is an important source of iron
and the magnetic property of magnetite is useful in high density - .
magnetic recording media applications. Iron oxides have also at the.smgle cryfstadx-F'e203 (0001) surfacg with LlElED and
been used in areas such as heterogeneous catdlymisl ~ Scanning tunneling microscopy (STM) in UH¥:! They
environmental cleanup, e.g., the removal of mobile heavy metal "€POrted that a thin film of F©, (111) was formed at the
contaminants from aqueous solutiband in the degradation o-Fe03 (0001) surface and identified it as the reduced surface

of chlorinated compounds All these applications are related consisting of two distinctly different terminations. Termination
. - . . e 1 .
to the surface geometric and electronic structures, surface” Was identified as'/, monolayer of O atoms cappingls

terminations, defects, and the electrical and magnetic propertiesT'onolayer of Fe atoms, whereas termination B consistét of

of oxides. Thus, a fundamental understanding of the interactionsrm)noIayer of Fe atoms on top of a close-packed O layer. Weiss

taking place at the interface between molecules and oxide @nd co-workers investigated a magnetitg@£(111) thin film
surfaces is of considerable importance. epitaxially grown on a Pt (111) substrate with LEED and STM

and found that the polar (111) surface of the magnetite thin
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TelTeghO_nE/FaXZt2|1’5|'3I54-‘|‘163/2,12'85|‘"3t?;3?- Columbia Universit packed oxygen layé# 16 Structural similarities among the three

nvironmental olecular science Institute, Columbia university. : : . . . :

*Current address: Brookhaven National Laboratory, Environmental 'r_or_] oxide phases (wustite, hematite, and magnetite) make it

Sciences Department, Upton, NY 11973. difficult to use STM and LEED measurements alone to
$ Materials Science Program, Department of Applied Physics and Applied unambiguously identify individual phases and determine whether

Mathematics, Columbia University. . they are iron or oxygen terminated. However, surface structure

Current address: Brookhaven National Laboratory, Chemistry Depart- A .
ment, Upton, NY 11973. and su_rface termination o_Iependent chemistry can help to
) J Current address: Los Alamos National Laboratory, Theoretical Divi- determine surface terminations.
sion, T-12 Mail Stop B268, Los Alamos, NM 87545. Previously, we investigated the degradation of £id the

# Pacific Northwest National Laboratory. . . . ) . .
@ Current address: Los Alamos National Laboratory, Chemistry Division, dissociative chemisorption of £bn magnetite and biphase

Mail Stop J567, Los Alamos, NM 87545. selvedges formed on a single crystaFe,0O3(0001) surface in

10.1021/jp030937x CCC: $27.50 © 2004 American Chemical Society
Published on Web 09/29/2004



16754 J. Phys. Chem. B, Vol. 108, No. 43, 2004 Rim et al.

various temperatures. Thus, we use variable temperature STM
to investigate competitive surface reactions taking place on the
iron-terminated FgO, (111) 2 x 2 surface at temperatures
between~250 and~400 K after CCl is adsorbed at 224 and
240 K. In section 2, the experimental apparatus and experimental
procedures are presented. In section 3 computational methods,
utilized for the ab initio computer simulations employed to
determine the activation barrier for phosgene production, are
® Fe @Fe O (@] described. The crystal structure of magnetite is briefly described
Figure 1. Schematic top view of an iron-terminatedsBe (111) 2 x in section 4.1, and pr_evious.TPD results and room temperature
2 surface. Large light gray, small black, and small dark gray spheres STM results are reviewed in section 4.2. In section 4.3, the
represent oxygen atoms in the. €ublayer, Fgy, and Fge atoms, results of the present variable temperature STM experiments
respectively (see ref 8). A hexagonal surface unit cell with the dimension and theoretical calculations are discussed in the context of the

of 5.94 A x 5.94 A is drawn. Uncapped oxygen atoms at the center of competitive surface reactions and the previous TPD results.
equilateral triangles formed by surface-terminating.F@toms are

marked byx. 2. Experimental Section

) . ; The experiments were performed in an ultrahigh vacuum
UHV with temperature programmed desorptslon (TPDPS/ (UHV) chamber with a base pressure 0&31071° Torr. The
Auger electron spectroscopy (AESand STM? These experi-  chamber is equipped with an ion gun, rear view LEED optics
ments have shown that decomposition of @1 such a surface  (princeton Research Instruments), a quadrupole mass spectrom-

follows two basic reaction pathways, one that is favored at Iow gter and a commercial VT STM (Omicron GmbH) capable of
temperature, ultimately producingCl; and recombinant CG| scanning at temperatures ranging from 25 to 1500 K.

and the other, favored at high temperature, which produces A natural single crystab-Fe0s sample was sliced and
OCCk. The TPD results indicate that COk dissociatively ngjished to a mirror finish withint0.5° of the (0001) plane
chemisorbed on the magnetite selvedge to produce four desorbycommercial Crystal Laboratories, Inc.) as confirmed by Laue
ing reaction products: recombinative GChssociative &Cls, X-ray diffraction. Prior to insertion into the UHV chamber via
OCCk, following surface oxygen abstraction, and Fe(? = a turbo-pumped loadlock, the 6.5 mm 6.5 mm x 2 mm

1, 2) following surface iron abstraction. The XPS results suggest o-Fe0s sample was rinsed with methanol, blown with dry

that CC}, dissociation occurs upon adsorption at temperatures niirogen and mounted onto a resistive heating sample holder
as low as 100 K. Furthermore, the TPD and AES studies indicate ith 5 solid-state Pyrolytic Boron Nitride (PBN) heating

that this reaction is not limited to defect sites only, and thus, gjement.

must occur at regular surface sites. The AES results show no  pe crystal was cleaned in situ by repeated cycles of Ar
chlorine uptake and hence no reaction on the biphase selvedgeygn, sputtering for 15 min at 2 kV~3 uA sample current)
composed of wustite and hematite domains (based on LEEDqjowed by annealing in a vacuum (using the PBN heater) for
patterns), upon dosing CCat room temperatureOur STM 15 min atT = 860 K, as measured by an infrared pyrometer
study on the nominal &4 (111) 2x 2 surface identified two  (Omega Engineering, Inc. OSP1300). Sample surface prepara-
distinctly different chlorine species only on thesBe (111) tion, orderliness, and cleanliness were assessed qualitatively on
2 x 2 iron-terminated sur.fac(.a after dosing Q@t room — the basis of the sharpness of LEED patterns. A sharp hexagonal
temperature. Surfgcg termination dependent chemical reactions, . » | EED pattern, obtained following the sample preparation
with CCly and Ch indicate that the R, (111) 2x 2 surface  procedures described above and shown in Figure 2, is consistent
is terminated by/, monolayer of tetrahedrally coo_rdlnated iIron with a bulk-terminated F (111) surface. Upon obtaining such
atoms over a close-packed oxygen layer (see Figure 1). It wasy | EED pattern, the sample was transferred to the STM sample
also concluded that the nonreactivex11 areas of this surface stage and imaged at room temperature. Once well-resolved

are oxygen-terminated FeO (111) ors€g (111) domains.  jnages were obtained, the sample was cooles260 K and
Surface stoichiometry, termination, reconstruction, and defects exposed to 0.3 langmuir of C£by backfilling the chamber.
are, however, all dependent on surface preparation conditions. pfar dosing with CCJ, the sample surface was scanned in two
For iron-terminated F©, (111) 2 x 2 surfaces dosed with  different ways. First, the sample temperature was slowly ramped
CCl, at room temperature and flashed to 600 K, two different from ~200 to 500 K (to remove all organic compounds left
chlorine species were observed on the surface. These weresehind on the surface after dissociative chemisorption of)CCI
assigned as chlorine atoms bound on top of surface-terminatingand then lowered to room temperature, and then the sample
lattice irons and chlorine species located at 3-fold oxygen was scanned again at room temperature. Second, after dosing
vacancy sites created by surface oxygen abstraction formingat ~200 K, the sample temperature was raised to 260 K and
phosgene (OCG). The number of chlorine atoms at top sites the sample was scanned at 260 K. After scanning at 260 K, the
was approximately 10% that of chlorine species at 3-fold oxygen sample temperature was further raised to 280 K where the
vacancy sites for the surface exposed to {AElroom temper-  sample was again scanned. In both cases, representative images
ature. The observation that the majority chlorine species is found acquired before and after dosing with G@lere compared to
at 3-fold oxygen vacancy sites after exposing the surface ta CCl jdentify reaction products, surface terminations, and strueture
at room temperature is consistent with TPD results, which show reactivity/termination-dependent-reactivity relationships of the
that recombinative and associative reactions (producing CCl majority and minority phases on the surface. The identification
and GCly) can only dominate over reactions that abstract surface of reaction products and surface terminations was also aided
oxygen atoms producing phosgene in the temperature rangepy additional information fronScanning Tunneling Spectros-

below ~280 K. copy (STS) on single surface points whei®/ curves were
The present study further tests the proposed surface reactiorobtained over surface atoms and adsorbates.
scheme suggested in the TPD studhy employing different Argon (99.9999%, KO residue < 1 ppm) and oxygen

dosing temperatures from room temperature and scanning at(99.998%, HO residue< 1 ppm) gases were purchased from
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removes surface contaminants effectively. When the sample was
exposed to air, it was also annealed as above,ito@emove
contaminants.

3. Computational Methods

The magnetite surface was studied via the embedded cluster
method presented in a previous papand summarized in the
present section. The structure of a magnetite surface terminated
with 1/, monolayer of iron atoms (see details of the crystal
structure in section 4.1) was obtained by standard procedures
for surface calculations. First we obtained the bulk structure of
the crystal for the desired level of theory and then a slab-type
calculation was performed to allow for surface relaxations.

The bulk structure was optimized using density functional
theory (DFT) with periodic boundary conditions. For this
calculation the Vienna Ab initio Simulation Program (VASP#!
was used. For the exchangeorrelation functional, the gradient
corrected functional by Perdew and Wa#¢f was employed.
The core electrons were represented by ultrasoft Vanderbilt-
type pseudo-potentiafd,and only the valence electrons were
treated explicitly as KohnSham orbitals expanded in a basis
(b) 0.0%0 ' . r ’ of spin-polarized plane-wave Bloch functions. The bulk unit
cell contained 18 iron and 24 oxygen atoms with a volume of
512.2 B. The unit cell has hexagonal symmetry with a length

0.085 of 14.54 A along the [111] direction and the unit vectors in the
(111) plane were 5.94 A long and form an angle of.@ecause
0.080 the unit cell was already rather large, only Thgoint was used
E in k-space. During the bulk optimization, all the atoms as well
as the dimensions of the simulation box were allowed to relax.
0.075 .
The relaxed lattice structure for the level of theory under
consideration was 2% shorter along the [111] axis and 1% longer
0.070 in the perpendicular plane compared with the experimental bulk
structure.
00 05 1.0 15 20 25 After the bulk structure was obtained, the relaxation of the
nm surface was obtained from a slab-type calculation. The box size

Figure 2. STM image of the pristine 584 (111) surface before dosing along the [001] plane was augmented with a 10 A vacuum gap,
with CCl,. The STM image in (a), 1% 12 nn?, shows the coexistence leaving a¥/, monolayer of iron atoms exposed. The top layers

of two distinct surface phases. The majority phase is Fe-terminated : L . . .
FeOs (111) 2 x 2 marked by a large yellow circle, and the minority experienced significant relaxation. The interlayer relaxations

phase is O-terminated FeO (111)6g (111) 1 x 1 marked by black bgtwgen the FeO—Fe-O—Fe-Fe-Fe layers along the [111]
circles. The line profile in (b) along the arrow of image (a) reveals direction were—37%, —21%, +7%, —4%, —2%, and 1%,
tha_t the spacing_ between bright protrusions is approximately 3 A, the respectively. Five layers below the surface into the bulk no
unit cell dimension of a close-packed oxygen layer. A LEED pattern gjgnificant atomic relaxations with respect to the bulk structure
(at 81 eV) shown in the upper left corner of the image is consistent \yare ghserved. We note that the interlayer relaxations in our
with an FeO, (111) 2 x 2 surface structure. - .

calculated model surface qualitatively agree with the result that

Matheson Tri-Gas Inc. and used without further purification. Ritter et al. obtained using a full dynamical low energy electron
Carbon tetrachloride (9949, H,O residue< 0.01%) was diffraction (LEED) intensity analysi!
obtained from Aldrich and purified by several freezgimp- From this optimized surface, clusters were selected with seven
thaw cycles prior to backfilling the UHV chamber. Tungsten layers along the [111] direction that contained the binding site
tips were electrochemically etched 3 N NaOH solution and under study away from the edges of the cluster. The clusters
degassed by heating to 473 K in the UHV chamber. All STM were chosen to satisfy the stoichiometry of magnetite (3 parts
images were recorded in constant current mode. Bright featuresiron and 4 parts oxygen). The clusters used contained 42 atoms
in the images taken with the surface biased positive correspondwith a surface area of 70?AThe clusters were embedded in a
to empty states of surface atoms and adsorbates. set of point charges placed at the lattice positions up to a radius
After each STM investigation exposing the surface toCCl of 12 A. The value of the charges was chosen according to a
the sample surface was sputtered and annealed at 860 K in aelf-consistent procedutéThe electronic structure of the cluster
partial pressure of 1.6 1076 Torr O, followed by annealing was calculated via DFT using the hybrid functional B3L2%¥P
in a vacuum before new experiments were begun. This oxidationand the Jaguar v. 4.1 suieof ab initio quantum chemistry
procedure removes adsorbates on the surface after each chenprograms. For the iron atoms we used the LACVP basis set
istry study with CCJ. Multiple cycles of sample preparation  with effective core potentidl-?®whereas 6-31& was used for
(sputtering and annealing in a vacuum) can cause enough oxygerthe oxygen atoms. This choice of basis set was shown to work
deficiency in the bulk to make the surface unstable. Unstable well in a previous publicatiof’
FesO, surface films tend to reconstruct, forming a more stable  The binding energy of adsorbates was taken to be the energy
structure (e.g., biphase reconstruction). AnnealingJp©vides difference AE, defined asAE = E(surface+ molecule) —
sufficient oxygen to produce a stablesBPg (111) surface and  [E(surface)+ E(molecule)] The energyE(surface+ molecule)
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is the total energy of the system composed of the surface clusterchlorine atoms on the surface. As the temperature is ramped

and the adsorbed molecule at the binding positi(surface)
is the total energy of the surface cluster @&fjdholecule) is the
energy of the free adsorbate molecule. Only the relaxations of

up, four different chlorinated compounds desorb: £6y
recombinative desorption, ;Cl, by associative desorption,
OCCL by surface oxygen abstraction, and Fd}l surface iron

the nearest neighbors to the adsorption site were included inabstraction. The recombinative desorption of £@hd the

the calculation.

4. Results and Discussion

4.1. Crystal Structure and Surface Terminations of FgOa..
Single crystal magnetite has the inverse spinel structure in whic

oxygen atoms form a close-packed face-centered cubic sublatticé?SSociative €Cls
with iron atoms located at interstices between oxygen sublayers.

There are two different sites that iron atoms can occupy.
Tetrahedral (A) sites are occupied by*Féons and octahedral
(B) sites are occupied half by Feions and half by F& ions.
The cubic unit cell can be denoted as{Pge(Fe# Fe*)g°cO3,
with a lattice constant of 8.396 A. Above the Verwey transition
temperature (120 K the high electrical conductivity of the
crystal is due to electron hopping within the octahedral B

sublattice. Electron hopping stops and the crystal becomes

insulating below the Verwey transition temperature, where the
sample surface can no longer be imaged with a STM. Along
the [111] direction, two types of iron sublayers, one with all
octahedrally coordinated Fe ions &FegFet™) and the other with
octahedrally and tetrahedrally coordinated Fe ions®(Fe
alternate between cubic close-packed oxygen sublayers. Th

stacking sequence along the [111] direction can be schematically

represented by k@—Oc—Feyci—Os—F@etz—Féctz—Faeti—On

and is shown in Figure 1 of ref 8. Here, subscripts tetl and tet2
refer to 4-fold coordinated Fe layers, and octl and oct2
correspond to Fe layers where the iron atoms are 6-fold
coordinated to O atoms. ) Og, and @ correspond to cubic

close-packed O sublayers. The height of the repeating unit along

the [111] direction is~4.8 A, and the unit cell dimension in
the close-packed O sublayer is 2.96 A.

Figure 1 shows the schematic top view of apdréerminated
surface in the unreconstructedsBg (111) bulk structuré.14
This surface-terminating @ layer constitutes/, monolayer
of iron atoms over a close-packed O layer, forming & 2
surface structure with the hexagonal surface unit cell dimension
of 5.94 x 5.94 & Each Fgu atom has one dangling bond
normal to the surface and oxygen atoms uncoordinated with
surface-terminating kg are denoted by. Each surface unit
cell has one Rgy atom and one uncoordinated oxygen atom
(x).

4.2. Competitive Surface Reactions (TPD and Room
Temperature STM). In a previous publication we reported
temperature programmed desorption (TPD) studies character
izing the surface chemistry upon dosing ¢@t 100 K on a
nominal FeO4 (111) surface, which was prepared similarly to
the present sample as confirmed by the 2 LEED patterrP.
TPD results exhibit six separate desorption features involving
four desorbing species, CLIOCChL (phosgene), €1, (tetra-
chloroethylene), and FeC{x = 1, 2, iron chloride). The first
two peaks in the CGlspectrum correspond to multilayer and
monolayer desorption of molecular GCGit 167 and 206 K,
respectively. Monolayer desorption of G@holecules indicates
physisorption on the unreactive sites of the nominaldz£111)

2 x 2 surface, which is described by

CCl(9) 155 CCly(ad)™ CCly(g) (1)

Dissociative chemisorption of CgLlalso takes place on the

e

associative desorption of,Cl, take place in the temperature
range from 250 to 300 K and 250 to 380 K, respectively,
whereas phosgene desorbs between 280 and 400 K. The
observation that the onset temperature of QCddsorption

hcoincides with the peak temperature of recombinative,@6t

desorption suggests that competitive reaction
occurs among three different reaction pathways described by

CCl,(g) = CClad)+ 2Cl(ad)= CCl,(g) (2a)

CCl(ad)™ ,C,Cly(9) (2b)

CCly(ad)+ O(Iattice)i OCCL(9) (2¢)
Approximately 75% of the dosed CQiolecules are dissocia-
tively adsorbed on the surface, leading to the competitive
reaction chemistry described by eq2a The remaining 25%

of the CCl molecules are physisorbed on the unreactive area
of the surface, where desorption is described by éqrhis
conclusion is consistent with STM images of the surface
howing a nominal iron-terminated f# (111) 2 x 2 surface
coexisting with other surface phases, which have different
surface structures or terminations (see below).

The STM image of a pristine oxide surface in Figure 2a,
recorded at room temperature, shows the coexistence of two
distinct surface structures. The area marked by the yellow circle
exhibits the Fe-terminated §@, (111) 2 x 2 surface with a 6
A surface unit cell constant. The areas marked by black circles
show the O-terminated FeO (111){g (111) 1 x 1 surface
where the spacing between close-packed oxygen atoms is
approximately 3 A, as shown in the line profile in Figure 2b
taken along the arrow in Figure 2a. Although STS spectroscopy
of the Fe-terminated 2 2 surface shows both filled and empty
states, the O-terminatedxl 1 surface reveals only empty states
(see Figure 6 of ref 8 fot(V) curves). The LEED pattern
included as an inset within Figure 2a reveals the nominal overall
surface structure of 84 (111) 2 x 2. Approximately 75%-

85% of this surface is attributable to the reactive, iron-terminated
Fe;04 (111) 2 x 2 surface whereas the remaining 1525%

is the unreactive oxygen-terminated surface in agreement with
previous TPD and STM studiés.

In a previous STM stud§,the nominal FgD, (111) 2 x 2
surface (see Figures 5a and 7a of ref 8) was prepared and
exposed to 0.1 langmuir of CQMolecules at room temperature.
The sample was then flashed to 600 K and cooled to room
temperature in order to image the chlorinated iron oxide surface
without chlorocarbon species. Two different chlorine species,
located on the top of lattice iron atoms and at 3-fold oxygen
vacancy sites, were identified. Approximately 90% of the
chlorine species on the surface were found to be located at 3-fold
oxygen vacancy sites, which appear brighter, larger, and less
circular (~6 A wide, 1.2 A high) than top site chlorine species
(see Figure 8 of ref 8). This observation suggests that a large
fraction of dissociatively adsorbed CCkacts with the surface
at room temperature to produce phosgene and corresponding
oxygen atom vacancy sites. However, the TPD results point to
a smaller fraction of dissociative adsorption, leading to phosgene
production when CGlis dosed at temperatures below 280 K,

S

surface below 250 K and produces chlorocarbon fragments andthe onset temperature for phosgene production. Instead, the TPD
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Figure 3. STM image of the F#, (111) surface after dosing with
CCly at 224 K. This STM image, 3% 35 nn? atV = 1.5V andl =

0.7 nA, was acquired after the surface was exposed to 0.3 langmuir of
CCl, at 224 K, annealedlowly up to 500 K, and cooled to room
temperature. Chlorine species (bright features) are observed on the Fe
terminated FgO, (111) 2 x 2 surface, but not on the O-terminated
FeO (111)/FgD04 (111) 1 x 1 surface areas marked by the yellow
circles. The area indicated by the blue rectangle is enlarged in Figure
4 to show chlorine species more clearly.

data indicate that at this lower temperature a relatively larger
fraction of the dissociatively adsorbed G@ expected to be
desorbed via the recombinative and associative reactions thai
produce CCJ and GCl, without removing surface oxygen
atoms.

4.3. Competitive Surface Reactions (Variable Tempera-
ture STM and Theoretical Studies).To further investigate the
competitive surface chemical reactions described by eec2a
the nominal magnetite surface was exposed to 0.3 langmuir of
CCl, at 224 K and the temperature wal®wly ramped up to
500 K (~0.2 K/s) and cooled to room temperature to image

:he Surfztace. 'fl'thetkllmage Ir:j Flg(;"e 3bW§S bobtalrée_d h?tf rotom Figure 4. Enlarged STM image of the area indicated in Figure 3. Two
emperature after the procedure described above. Bright 1ealures,;sq ctjye images of the area indicated in Figure 3 are shown in (a)

on the surface in the image, which are chlorine species ang (b), which are separated in time by approximately 5 min. Two
remaining from the dissociative chemisorption of G&¢tover different chlorine species are clearly identified: one on top of surface-
approximately 30% of the whole surface. These bright features terminating Fe atoms marked by yellow circles and the other at 3-fold
were found only on the Fe-terminatedsBg (111) 2x 2 areas ~ Oxygen vacancy sites (TFOVS) marked by white circles. Top site
n i study and n  previous nvestigatbiopograpticalor ST S e v sebioe n O mel RS
'ezlsétr(olqli;'t:rg:l‘aeli;]alnfels :rueiléorsgrslggzﬁ;elsyglrllo(\?v tg:g:ar]sate(il the iron defect sites indicated by the white arrows in (a) and (b).
in Figure 3, typically characterized by additional bright features (111) 2 x 2 area, separated in time by approximately 5 min.
or dark depressions in the STM images, were not observed. ThusTwo different chlorine species are clearly observed. The majority
we conclude that any chlorine species, which were found on chlorine species, marked by yellow and black circles, are located
Fe-terminated areas, were not present on any O-terminatedon top of surface-terminating iron atoms. These atoms appear
regions. This is also consistent with the picture presented by to aggregate, forming triangles (small yellow circles in Figure
STS spectroscopy in which only Fe atom sites can serve as ada,b), 2D clusters (the large yellow circle in Figure 4b), or linear
source of low to moderate energy electrons, as observed in ourchains (the black circle in Figure 4b). This aggregation is
previous STM studie%.In an earlier AES stud$,chlorine attributable to the weak binding of the top site majority chlorine
species were also observed on thg@ze(111) 2 x 2 surface species to surface iron atoms, resulting in mobility at room
after dosing CCJ at room temperature; however no chlorine temperature. This point is further discussed below in the context
species were detected on the biphase superstructure surfacef the theoretical calculations of binding energies of Cl on iron
consisting of FeO (111) and-Fe0O3; (0001) domains. atoms. The minority chlorine species, marked by white circles,
Parts a and b of Figure 4 show two consecutive images of are positioned in the centers of equilateral triangles formed by
the area marked by the blue rectangle in Figure 3, i.e.3@4¢e surface iron atoms, which correspond to 3-fold oxygen vacancy
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sites created through oxygen abstraction to form phosgene 02
(OCCL). Chlorine atoms from CGldissociation on the surface
fill these oxygen vacancies to form the minority chlorine species. o
An analysis of the statistical distribution of these two distinct
chlorine moieties, obtained by counting individual bright features
in well-resolved images over a wide area, shows that the number [111]
of minority chlorine species is 2015% of the majority top site 04 F I
chlorine atoms. In contrast, when this same surface is exposec @
to CCL at room temperature, flashed to 600 K, and scanned at ¢ m-‘““
room temperature, about 90% of the chlorine species are locatec
at 3-fold oxygen vacancy sites (see Figure 8 of ref 8). The

[eV]

ergy

En

[11] I i
E'% ]
@ 0.8A

ks, |

critical difference between the previous and present experiments 08

is the temperature at which the sample surface was first exposec , . . , ,

to CCl, molecules. When Cglis dosed on the sample surface '1_0_1 0 01 02 03 04 O5 06 07 08 08
at all temperatures investigated, dissociation occurs and surface 2 [A]
chemistry follows, as described by eq-2a However, CCJ ” Ccl,

dosing at low temperature (224 K) favors recombinative {CCl

desorption and associative@, desorption reaction channels O Fero O o

(eq 2a,b), which open up at temperatures as low as 250 K. @ rer

The surface reaction channel producing phosgene (describedrigure 5. Activation energy for desorption of an OG@holecule from
in eq 2c) does not open until 280 KThus, dosing at 300 K the FgO,4 (111) surface. Potential energy of the system is shown as an
allows abstraction of surface oxygen atoms (likely the uncapped ©CCL molecule is moved vertically from the &, (111) surface. The
ones marked by in Figure 1) to compete with recombination z coordinate corresponds to the vertical position of the oxygen atom

d iati that evidently h | fi (x) (see Figure 1) from the surface-terminating iron layer. The
and association processes that evidently have lower reaction,ctyation energy is approximately 0.16 eVzat 0.2A. The figure on

barriers. In the present experiments, whereJ@lecules are e left (right) shows the formation (desorption) of a phosgene molecule.
dosed on the sample surface at 224 K and the temperature iSOxygen atoms (large gray balls) are 0.1 A below the surface-terminating
slowlyincreased to 500 K~0.2 K/s), we do not expect many iron layer (small red balls) when a phosgene molecule is formed. Small
oxygen vacancies due to oxygen abstraction because recombiyellow balls are octahedrally coordinated subsurface iron atoms.
native and associative desorption channels dominate. This nicelyNc¢@PPed oxygen atomsj are in the same plane with the capped

- S - : -~ “oxygen atoms (see Figure 1).
explains the result that the majority chlorine species appearing

at 3-fold oxygen vacancy sites when G@ dosed at room chlorine atoms marked by in Figure 4a disappear in Figure

temperature becomes the minority chlorine species upon dOSing4b. This implies that top site chlorine atoms are weakly bound

CCl at 22_4 K _ to surface iron atoms and mobile at room temperature. This
The activation energy for phosgene desorption was calculated,gpservation is consistent with the results of theoretical calcula-
using a 42-atom cluster, as described in section 3. A€@@ical  {ions that predict the binding energy of a chlorine atom at a
was placed close to an uncapped surface oxygen atom, markea_fo|q oxygen vacancy site is 1.5 eV larger than that at a top
by x in Figure 1, and the geometry of the whole molecule was gjte The larger binding energy at a 3-fold oxygen vacancy site
optimized by energy minimization. The optimal position of & s attributed to the presence of three “undercoordinated” iron
phosgene molecule was located at the point where the oxygensioms exposed after oxygen atom removal. In the experiments
atom was 0.1 A below the surface iron atoms and theQO  gescribed above, where the sample was annealed at 500 K before
bond length was 1.22 A with Cgpointing out of the surface.  scanning at room temperature, TPD studies show clearly that
The potential energy curve for the abstraction of a phosgeneng carbon containing species remain on the surface and

molecule was mapped by gradually displacing the molecule. ggsorbates observed with STM can be readily assigned as Cl
At each step, the vertical coordinate of the oxygen atom with ztomss

respect to the surface was varied whereas all the other degrees \ye have also dosed 0.3 langmuir of GGh an iron oxide
of freedom of the molecule were optimized by energy minimi- g ;rface at 240 K followed by scanning at 260 and 280 K without
zation. The potential energy of the system as a function of the annealing the surface up to 500 K. The STM topographs
vertical displac_ement of a phosgene moleculle. is shown in Figure gptained following this procedure are shown in Figure 6a,b.
5. Thez coordinate corresponds to the position of the oxygen |mages taken at both temperatures reveal that no bright features
fatom (x) in Figurg 1 yvith respect to .the surface-terminating are found on oxygen-terminated FeO (111)@e(111) 1x 1
iron layer. An activation energy barrier of 0.16 eV is found areas. Small bright spots, which are very similar to features
when the molecule moves 0.20 A vertically over the (111) assigned as chlorine atoms for samples annealed to 500 K,
surface, after which point the molecule is repelled away. This appear on top of surface iron atoms. Big bright spots, which
theoretical calculation indicates that uncapped surface oxygengare similar in shape, size, and location to features assigned as
atoms () are not bonded strongly with subsurface iron atoms chjorine atoms at 3-fold oxygen vacancy sites for samples
and that CGJ can readily abstract these atoms once phosgeneannealed to 500 K, also appear in the center of equilateral
is formed. Thus, phosgene likely forms aroun@80 K and  triangles formed by surface iron atoms (see Figure 4a,b as well
starts desorbing right after formation. as Figure 8 of ref 8). The number of top site species are again
The white arrows in Figure 4a,b indicate surface iron atom dominant over those found at 3-fold oxygen vacancy sites in
defect sites, and the images show that chlorine atoms are nothe iron-terminated R®, (111) 2 x 2 areas. Very few bright
bonded to these subsurface oxygen atom sites. Cl atoms havdeatures are observed at 3-fold oxygen vacancy sites in Figure
not been observed at step edges either. These observation6a. These observations are in agreement with the picture of
strongly suggest that surface reaction with £6tcurs on competitive surface reactions occurring among reaction inter-
regular terraces but not at defect sites. Note that the top sitemediates described above because the phosgene producing
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Figure 6. STM image of the F€, (111) surface after dosing with
CCl, at 240 K. The image in (a), 3% 35 nn¥, obtained at 260 K after
dosing CClJ at 240 K reveals that chlorines are found only on the Fe-
terminated F¢O, (111) 2 x 2 surface. Very few chlorine species are
observed at 3-fold oxygen vacancy sites (TFOVS). The image in (b),
35 x 35 nn?, was obtained at 280 K after recording the image in (a).

channel has its onset near 280 K. Although the possibility that
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5. Summary and Conclusion

The degradation and competitive reaction of @@blecules
on the reduced sample surface of a single crystaé,03 (0001)
were studied with variable temperature scanning tunneling
microscopy. STM images at room temperature were obtained
after the sample surface was exposed to,O@ilecules at 224
K and annealedlowly up to 500 K (0.2 K/s). Images reveal
that chlorine species are bonded only on iron-terminatg®fe
(111) 2 x 2 areas not on oxygen-terminated FeO (11Lkhe
(111) 1 x 1 areas. Two different chlorine species, one set on
top of surface-terminating iron atoms and the other set at 3-fold
oxygen vacancy sites, were observed. Ninety percent of the
chlorine species are found at top sites. This contrasts sharply
with the results observed when G@las dosed on the reduced
sample surface at room temperature, flashed to 600 K, followed
by surface scanning at room temperattifithese observations
have been explained with a competitive surface reaction picture
in which phosgene production/oxygen atom abstraction can only
compete favorably with recombination and association near or
above room temperature. Theoretical calculations predict that
uncapped surface oxygen atoms are relatively weakly bound to
subsurface iron atoms and easily abstracted by g @@r-
mediate to form phosgene. STM images show that only top site
chlorine atoms are mobile at room temperature, which is
qualitatively consistent with theoretical calculations that chlorine
species at 3-fold oxygen vacancy sites are 1.5 eV more strongly
bound than top site chlorine atoms.
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